analyses based on the STRs and constructed a median joining network based on the mtDNA sequences. The Philippine population from Batangas exhibited much less genetic diversity and greater genetic divergence from all other populations, including the Philippine population from Zamboanga. Sequences from both Batangas and Zamboanga were most closely related to two different mtDNA haplotypes from Sarawak from which they are apparently derived. Those from Zamboanga were more recently derived than those from Batangas, consistent with their later arrival in the Philippines. However, clustering analyses do not support a sufficient genetic distinction of cynomolgus macaques from Batangas from other regional populations assigned to subspecies M. f. fascicularis to warrant the subspecies distinction M. f. philippensis. Am J Phys Anthropol 155: [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] 2014 . V C 2014 Wiley Periodicals, Inc.
Cynomolgus macaques (Macaca fascicularis) probably originated in insular Southeast Asia (Delson, 1980; Fooden, 2006) as early as 3.5 million years ago (mya), based on the most recent and comprehensive genomic evidence (Perelman et al., 2011) , after diverging from their common ancestor with the sinica group of macaque species (Li et al., 2009) . Their dispersal, which may have ranged as far as the Philippine Islands, reached the mainland, via Sumatra, and was followed by the divergence of rhesus macaques as late as 0.9 mya (Osada et al., 2008) . A land bridge connected Sumatra, Java, Borneo and the Malay Peninsula for more than 50% of the last 250,000 years, and Sumatra and Java were connected to the Malay Peninsula for two-thirds of this time (Voris, 2000) . The current distribution of members of the species is provided in Figure 1 .
Cynomolgus macaques probably followed two separate routes to the Philippines, both of which traversed Sabah, as illustrated by the arrows in Figure 1 , but not necessarily at the same time. Macaques may have first reached the Philippines by way of the Palawan Islands, crossing the Mindoro Strait to Mindoro Island of the Philippines. They eventually spread throughout Luzon and southward and evolved a derived morphology featuring their distinctive dark dorsal pelage (Fooden, 1991) that distinguishes them from cynomolgus macaques in western Mindanao and the remainder of Southeast Asia. Their early arrival in the Philippines is consistent with a longer period of time in isolation to evolve their distinctive morphology. The second route of dispersal probably crossed the Sulu Archipelago at the Sibutu Passage, now 18 miles wide, to the western part of Mindanao. Cynomolgus macaques in western Mindanao closely resemble those in the Sulu Archipelago, Indonesia and Malaysia, exhibiting pale dorsal pelage.
The close morphological similarities between cynomolgus macaques in extreme western Mindanao and the Sulu Archipelago with those in Malaysia and Indonesia assigned to subspecies M. f. fascicularis are consistent with this route being followed much later than that through the Palawan Islands to the northern Islands of the Philippines hypothesized for M. f. philippensis. Fooden's (1991) survey of pelage color at 128 locations throughout the Philippines revealed exclusively dark pelage in locations throughout the Philippines with light and mixed pelage color largely restricted to the southernmost Island, Mindanao, and the Sulu archipelago. This distribution is consistent with the continued southward dispersal of macaques assigned to subspecies M. f. philippensis to eastern Mindanao followed later by the colonization and limited eastward and northward dispersal of M. f. fascicularis across the Sulu Archipelago. That distribution is more difficult to reconcile with a single dispersal from either the north or the south that should have generated a clear clinal distribution of pelage color.
Dispersal to the Philippines might not have occurred as early as cynomolgus macaques reached the Indochinese mainland, because it is unlikely that a land passage from Sabah to the Philippines, such as that connecting Sundaland to the mainland via Sumatra, ever existed. Certainly, neither the Sibutu Passage nor the Mindoro Strait formed a land bridge to the Fig. 1 . Map of the distribution of M. fascicularis illustrating locations of three major and seven minor (on offshore islands) subspecies based on Groves (2001) . Names in capital letters with dark arrows indicate the smallest known geographical unit (e.g., country, province, island, etc.) within which samples used in this analysis originated. Arrows indicate routes of dispersal of M. f. philippensis, first, across the Palawan Islands and M. f. fascicularis, much later, across the Sulu Archipelago to the Philippines. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Philippines during the last glacial maximum (Lambert et al., 2006) . This is because the islands of the Philippines do not lie on the Sunda Shelf, having risen de novo from the ocean floor (Esselstyn et al., 2004) , and deep waters separate them from Sundaland. Consequently, cynomolgus macaques, being relatively facile swimmers, may have rafted to the southern and northern Philippines across the Sibutu Passage and the Mindoro Strait, respectively (Abegg and Thierry, 2002) . These dispersals probably occurred during glacial maxima, the last two of which occurred 170 thousand years ago (kya) and 18 kya, when sea levels fell to within 120 m of their present levels (Heaney, 1986) and the distances across the Sibutu Passage and the Mindoro Strait (Sathiamurthy and Voris, 2006) were shortest. Earlier glacial maxima when rafting would have been most feasible occurred at 200, 240, 325, 400, and 600 kya (Sathiamurthy and Voris, 2006) .
Since the distinctive morphology of cynomolgus macaques in the northern and most of the central islands of the Philippines must have required some time to emerge, human intervention is an improbable explanation for the earliest appearance of cynomolgus macaques in the Philippines. Humans could not have transported macaques to the Philippines, as Alfred Wallace speculated (1876), until after 44 kya, the date for Niah Cave in Sarawak (Barker et al., 2002) , which represents the earliest known human occupation of the region. Continued dispersal of the late arrivers to Mindanao eastward and northward would have been hindered if the earliest arrivals were already dispersed throughout the Philippines, consistent with the restriction of M. f. fascicularis with pale pelage predominantly to the western part of southwest Mindanao.
Whether dispersal occurred by rafting or was facilitated by an unknown land connection, the number of founding members of both dispersals is likely to have been small, probably creating a founder effect in both Philippine subspecies. Such a founder effect is reflected by the genetic structure of the cynomolgus macaques of Mauritius (Lawler et al., 1995; Kanthaswamy et al., 2013; Satkoski Trask et al., 2013 ) that were transported from Indonesia as pets then released by Portuguese sailors several hundred years ago (Sussman and Tattersall, 1986) . We have previously reported evidence of very low genetic diversity of cynomolgus macaques from both Mauritius and unknown locations on Mindanao Kanthaswamy et al., 2013) . If the ancestors of the modern descendants of the two subspecies arrived in the Philippines at different times, the earliest hypothetical arrivals, now inhabiting Luzon, should exhibit greater genetic differences from Indonesian and Malaysian cynomolgus macaques than those now living in western Mindanao. Moreover, since both migrations to the Philippines must have traversed northeastern Borneo, the descendants of both should more closely resemble modern populations from that region than they resemble each other. Thus, both populations should exhibit evidence of a founder effect, especially the loss of rare alleles, and evidence of derivation from Malaysian cynomolgus macaques of northern Borneo.
Cynomolgus macaques from both Luzon and western Mindanao are employed as animal models in biomedical research in the US. However, the subspecies or region of origin in the Philippines of research subjects is rarely reported. Nor is the extent of genetic differences between the two alleged subspecies known. If the genetic difference between the two Philippine subspecies is comparable to that observed between Indian and Chinese rhesus macaques, two subspecies that are known to exhibit significant differences in their responses to experimental treatment in biomedical research, such as experimental infection of rhesus macaques with SIV (Ling et al., 2002) , care should be taken not to include members of both Philippine subspecies in the same experimental protocols. Otherwise, the phenotypic variance in treatment effects may be inflated by genetic variance, requiring larger sample sizes to demonstrate statistically significant differences in response to those treatment effects. Moreover, the two subspecies may not be appropriate as models for studies of the same human diseases as is the case with Indian and Chinese rhesus macaques (Ling et al., 2002) . In the present study, we report a genetic comparison between cynomolgus macaques from southern Luzon and western Mindanao where their subspecies affiliations are regarded as unmixed M. f. philippensis and M. f. fascicularis, respectively.
METHODS AND MATERIALS
The research reported in this manuscript complied with protocols approved by the UC Davis Animal Care and Use Committee and adhered to the legal requirements of the United States. Blood samples from 30 cynomolgus macaques from Batangas in southwestern Luzon, 35 from Zamboanga in western Mindanao, 40 from Corregidor Island in Manila Bay, 18 from Cambodia, 79 from Mauritius and 98 from southern Sumatra were obtained directly from in-country breeding farms by Primate Products, Inc. providing the greatest possible authentication of the provenience of all samples. The origin of all animals from Luzon and Mindanao are claimed to be solely from those islands, and the pelage color of the respective animals sampled for the present study is consistent with the absence of admixture in either sample. The animals from Batangas were adults captured wild from multiple troops as breeding stock for a breeding farm on Luzon and are, therefore, representative of the free-ranging populations. Samples were also obtained from 25 cynomolgus macaques wild-caught by the Malaria Research Centre of the University of Malaysia in Sarawak and 29 samples acquired by Maccine Pte. Ltd., Inc. in Singapore with all the required CITES and import permits. The population of cynomolgus macaques from Corregidor were captured in Mindanao for breeding and commercial sale and later released on Corregidor when the venture collapsed (Jerome Nazarino, DVM, Philippine Breeders Association, personal communication). However, because documentation of the antiquity and origin of cynomolgus macaques on Corregidor is lacking, we advise caution in drawing inferences solely based on this population. All samples described above, except those from Sarawak, were genotyped for the 15 unlinked STR loci listed in Table 1 C for 45-90 s extension followed by a final extension at 72 C for 5-60 s, with extension times varying by primer pair. All samples were analyzed on an ABI 3130xl Genetic Analyzer following the recommendations of the manufacturer using the Liz 500 size standard to Singapore (29) Cambodia (18) Corregidor (40) Locus (Weir and Cockerham 1984) , were estimated using GENEPOP (version 4.2, Raymond and Rousset, 1995) and PopGene (version 1.32, Yeh and Boyle, 1997) . Paired F ST values were averaged for each population to reflect that population's average differentiation from all other populations. GENEPOP 4.2 was also used to test for departure of genotypes from their Hardy-Weinberg equilibrium (HWE) frequencies and for linkage disequilibrium (LD) among pairs of loci in each population at the 0.05 level of probability using Fisher's exact tests (Raymond and Rousset, 1995) . Unbiased P values were generated for these tests by the Markov Chain Monte Carlo (MCMC) approach (Guo and Thompson, 1992) with 5,000 iterations per batch. The statistical significance of the pairwise F ST estimates was tested using a probability distribution constructed from permutations of 1,000 iterations with a Bonferroni correction of a for multiple comparisons.
Principal component analysis (PCA) was performed with the adegenet 1.2-8 package for R (Jombard, 2008) to identify genetic structure within the data independent of a priori assignment to a particular geographic origin. We also used the program STRUCTURE 2.3.3 (Pritchard et al., 2000; Hubisz et al., 2009 ) to characterize the structure among the seven regional populations. STRUC-TURE uses a Markov Chain Monte Carlo (MCMC) method to compute L(K), the posterior probability that the data fit the hypothesis of K genetically distinct groups. STRUCTURE provides the advantages over PCA that it allows the selection of the most likely number of independent taxonomic units represented by the data and estimates the fractional membership of each animal in each taxon. While estimates of L(K) plateau after reaching the "true" value of K due to increasing variance (Pritchard and Wen, 2003) , the height of the modal value of DK, a measure of second order rate of change of the STRUCTURE likelihood function [L(K)], is correlated with the strength of the genetic subdivision among the study populations (Evanno et al., 2005) . Thus, we used the value of DK to select the best value of K. STRUC-TURE runs were conducted assuming that between two and seven genetically distinct groups exist among the populations sampled. A total of 5 3 10 5 MCMC simulations were conducted after a 10 5 burn-in period. It was assumed that allele frequencies among populations were correlated and that members of each population have ancestors in the others. Each STRUCTURE run was replicated 10 times to assure that group assignments with the highest probabilities were obtained.
An 835 base pair (bp) fragment of mtDNA flanked by nucleotide positions (nps) 15,167 and 16,050 in the homologous Barbary macaque (M. sylvanus) mtDNA sequence (GenBank accession number AJ309865; Arnason et al., 2000) including the first hypervariable segment (HVS I; nps 15, 028) , approximately onethird of the cytochrome b gene (nps 15,193-15,357 ) and the tRNA genes for proline (nps 15,424-15,491 ) and threonine (nps 15,358-15,422) was amplified from each of the samples from Sarawak, Zamboanga, Batangas, Corregidor, southern Sumatra, and Cambodia. Primers, cycling parameters, and methods employed were those previously described (Smith and McDonough, 2005; Smith et al., 2007) . This primer pair employed was designed to replace a pair of previously-used primers that readily amplified a pseudogene (numtDNA), (Smith and McDonough, 2005) . This pseudogene (Collura and Stewart, 1995; Bensasson et al., 2001 ) was easily identifiable by its extreme divergence from all rhesus sequences amplified with the redesigned pair of primers, an abundance of transversions and indels, a paucity of polymorphic, but consistently heteroplasmic, sites and the failure of its HVS I to readily align with the reference M. sylvanus sequence. The redesigned primers yielded sequences with specific mutations that provide the haplogroup structure characteristic of true mtDNA sequences, with the majority of the variation in the HVR I region (Smith and McDonough, 2005) . This conspicuous difference between the pseudogene and the mtDNA fragments amplified provided confidence that pseudogenes were not included in the sequences analyzed in this study.
Electropherograms were aligned with Sequencher (Gene Codes, Ann Arbor, MI), and mutations identified with reference to the M. sylvanus mtDNA sequence (GenBank accession number AJ309865; Arnason et al., 2000) . MtDNA sequences of cynomolgus macaques from Indonesia, Malaysia, Cambodia, Mindanao (unknown locations) and Mauritius that were previously assigned to specific haplogroups were included in the analysis as reference samples. The mtDNA sequences were deposited in GenBank (Accession numbers KJ830548-KJ830614 and KJ850509-KJ850587).
The evolutionary history of cynomolgus macaques was also inferred from the mtDNA sequences by using the Maximum Likelihood method in MEGA5 (Tamura et al., 2011) based on the Tamura-Nei model (Tamura and Nei, 1993) to construct a bootstrap consensus tree inferred from 1,000 replicates (Felsenstein, 1985) . All positions containing gaps and missing data were eliminated. MEGA5 first infers an evolutionary tree by applying the neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach (Tamura et al., 2004) and then selects the topology with superior log likelihood values. Branch lengths and substitution rate parameters are then optimized for each of six substitution models combined with 4 shape parameters (gamma rate) describing heterogeneity in mutation rates to fit the sequence data, and the model with the highest goodnessof-fit to the data, measured by the Bayesian information criterion (BIC, Schwartz 1978) , is selected. Branches corresponding to partitions reproduced in fewer than 50% bootstrap replicates were collapsed. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap (1,000 replicates) are shown next to the branches.
The mean numbers of nucleotides in the 835 bp mtDNA fragment studied that differ between all possible pairs of sequences within and between each of five populations (Sumatra, Sarawak, Corregidor, Zamboanga and Batangas) were calculated using the ARLEQUIN v. 2.0 package (Schneider et al., 2000) and used to construct a haplotype median-joining (MJ) network (Bandelt et al., 1999) rooted with a sequence from M. sylvanus, a sister species to all other macaque species (Li et al., 2009) . For the haplotype network, all transitions were given equal weight, transversions and gaps associated with singlebase indels were given twice the weight of transitions, and all gaps in the poly C regions 15,739-15,741 and 15,719-15,721 were treated as missing data. Genetic heterogeneity was expressed as nucleotide diversity (h p ), the average proportion of all nucleotides included in the analysis that differ between all possible pairs of individuals in a given population. This parameter was also estimated for all possible pairs of individuals one each from each of two different populations to assess betweenpopulation divergence between pairs of the seven populations whose mtDNA were compared. The number of segregating sites standardized by the harmonic mean of the number of sequences studied (h S 5 S = P n21 i51 1=i where S is the total number of segregating sites in the sequence: Waterson, 1975 ) and the value of q, the average number of mutation steps in a MJ haplotype network between each sequence in a population and the basal haplotype from which they are derived (Bandelt et al., 1999) , were also calculated. The value of q was independently estimated for the Cambodian population as verification of the earlier occupation by cynomolgus macaques in Indonesia than on the mainland. The MJ network from which q is estimated predicts the order in which the haplotypes in the network emerged and the geographic region in which the immediate ancestral haplotypes occur. As a measure of within-population diversity, the values of q for Batangas and Zamboanga were calculated as the number of mutational steps in the network from each haplotype in the population to the Sarawak haplotype from which it is most closely derived. In equilibrium populations, these three values (h p , h S , and q) are expected to be identical and, for mtDNA, provide estimates of h 5 N e l, the population mutation parameter, where h is proportional to the period of time during which diversity accumulated in each population (Forster et al., 1996) . Departures between the values of h S and h p (h p 2 h S ) based on mtDNA result from demographic forces and are expressed by Tajima's D, (standardized by the variance in h p 2 h S ; Tajima, 1989) . In the absence of selection, a statistically significant negative value of D reflects population growth while constant population size is expected to result in a D value of zero. The values of h p , h S , and q were compared between the Philippine populations from Zamboanga and Batangas to assess the population history of the two subspecies and whether or not the two regions of the Philippines were likely to have been colonized at approximately the same time.
RESULTS
The genotypes of all of the 15 STR loci were statistically unlinked (P > 0.05) after data from the seven populations were pooled and none of the markers presented any evidence for null alleles at statistically significant levels (P < 0.05). Diversity parameters based on the STR genotypes of the population samples from Batangas, Zamboanga, Corregidor, southern Sumatra, Mauritius, Singapore and Cambodia are given in Table 1 . The Batangas samples exhibited approximately half the number of alleles (N a 5 2.9) and much lower observed heterozygosity (H O 5 0.36) than the Zamboanga samples (N a 5 6.0 and H O 5 0.56, respectively). Genetic diversity of the Batangas sample was also lower than that for the Mauritian sample (N a 5 4.5 and H O 5 0.49), whose lack of diversity has been widely reported (Lawler et al., 1995; Kanthaswamy et al., 2013; Satkoski Trask et al., 2013a) . Genetic diversity was highest in the Sumatran (N a 5 9. Genetic distances (F ST ) between pairs of the seven populations based on STRs, provided in Table 2 , were all statistically significant at the 0.05 level of probability. All populations were more distinct from Batangas than from any other population. The Batangas sample (average F ST 5 0.312) was almost twice as genetically distinct from each of the other populations than any other population except Mauritius, the second most distinct population (average F ST 5 0.238). The average genetic distance between pairs of the remaining five populations ranged from 0.144 (Singapore) to 0.171 (Cambodia). The Mauritian population was least distant from Sumatra (F ST 5 0.128), the alleged recent homeland of Mauritian cynomolgus macaques (Tosi and Coke, 2007) , and the population from Batangas was least distant from Corregidor (F ST 5 0.188), the population most geographically proximate to it. The populations from Corregidor and Zamboanga were more similar to each other (F ST 5 0.076) than either population was to any other population, as were the populations from Singapore and Cambodia (F ST 5 0.072), the two mainland populations. Sumatra, the alleged homeland of cynomolgus macaques (Tosi and Coke, 2007) , was least distant from the two mainland populations (Cambodia F ST 5 0.093; Singapore F ST 5 0.096). The remaining pair of populations, with an F ST lower than 0.10, was Singapore/Zamboanga (F ST 5 0.096). The values of F IS , F ST, and F IT among all seven populations were 0.125, 0.181, and 0.283, respectively, signifying relatively high levels of both inbreeding and population structure. The results of our PCA, provided in Figure 2 , in which the first and second dimensions account for 41.5 and 23.8% of the variance, respectively, and spheres represent 95% confidence limits, are consistent with the values of paired F ST . All populations are approximately equally distributed in PC1 with Mauritius and Batangas exhibiting the greatest separation from each other and each separated equally far from the other populations in PC2.
The results of the STRUCTURE analyses are illustrated in Figure 3 and are consistent with the PCA and F ST values. When only the three Philippine populations were included in a STRUCTURE analysis, provided in Figure 3A , DK values support a K value of 2. In the STRUCTURE plot, Batangas and Zamboanga are well differentiated from each other while the Corregidor results could suggest admixture of the two populations in approximate proportions of 25 and 75%, respectively, although such evidence could actually reflect shared ancestry of all three populations in Sabah with discretely different patterns of drift. A value of K 5 3 was strongly supported by DK values when all seven populations were included in a STRUCTURE analysis. As shown in Figure 3B , when K 5 3, the Mauritian samples are discretely differentiated from those in all of the other populations, the three Philippine samples resemble one another, but exhibit minor resemblance to both mainland populations, Cambodia and Singapore, which themselves more closely resemble the Sumatran population.
Because the mtDNA sequences from Batangas were foreshortened at both ends due to poor quality sequence, only 697 base pairs of sequence were available for all five populations employed in the phylogenetic analysis. The lack of ambiguity (e.g., double peaks) in the electropherograms of all sequences, including reference samples, the complete absence of indels, premature stop codons or frame shift mutations in the cytochrome b, tRNA Pro and tRNA Thr coding sequences and the predominance of mutations at the third positions of codons (48 of 70) in these coding regions are consistent with our assumptions that none of the sequences amplified represent pseudogenes. The numbers of complete, trimmed 697 bp fragments include 14, 24, 37, 25, and 15 sequences from Batangas, Zamboanga, Corregidor, Sarawak and Sumatra, respectively. A total of 65 segregating sites were identified in the three Philippine populations, or 1, 37, and 49 sites, respectively, in Batangas, Zamboanga, and Corregidor. These include one insertion, two transversions and 62 transitions that define 2, 8, and 13 different haplotypes, respectively, in the three populations. Corregidor was the only population to share more than a single haplotype with another population, one each with Zamboanga and Batangas, and the latter two were the only other populations to share any haplotypes (one each with Corregidor) with another population. The Batangas and Zamboanga populations were fixed for different alleles at 11 positions, all of which were polymorphic in the Corregidor population, clearly indicating the affiliation of each of Corregidor's 37 haplotypes with either Zamboanga (M. f. fascicularis) or Batangas (M. f. philippensis).
The ML tree based on the 697 bp sequence of mtDNA is provided in Figure 4 . This represents an abridged version of a much larger tree from which redundant haplotypes were removed to improve legibility of the tree. The tree first divides into two major clades, Fas1 and Fas2, as previously reported , with the latter clade containing all Philippine samples and the former containing all sequences from the mainland. All samples from the Batangas, Zamboanga, and Sarawak populations fell in the Fas2a haplogroup of the Fas2 clade of the tree. This haplogroup includes subhaplogroups Fas2a1, Fas2a2, Fas2a3, and Fas2a4 that were previously defined , reference samples of which are included in the tree.
All 14 mtDNA sequences from Batangas represented only two haplotypes that differed by a single mutation and clustered together with 16 haplotypes from Corregidor and an Indonesian sample (Genbank accession number DQ373508) from subhaplogroup Fas2a4 with 99% bootstrap support. The samples from Zamboanga were much more genetically diverse than those from Batangas, as shown in Figure 5 , and represent the three of the four subhaplogroups of Fas2a (Fas2a1, Fas2a2, and Fas2a3) that are not represented in Batangas. Thus, Zamboanga and Batangas share no subhaplogroups in common. Subhaplogroups Fas2a1 and Fas2a2 represent the majority (12 of 14) of the Zamboanga haplotypes. These include two samples from Zamboanga and 4 Philippine samples from unknown locations in Mindanao previously assigned to haplogroup Fas2a1 that form a clade with 99% support and one sample from Zamboanga that cluster with three samples from Corregidor, and three samples (two from Malaysia and one from an unknown location in Mindanao) previously assigned to haplogroup Fas2a2 with 90% bootstrap support. Fas2a1 and Fas2a2 are closely related and together join with a haplotype from Sarawak with 93% bootstrap support. The remaining three sequences from Zamboanga were shared with three Malaysian and one Indonesian cynomolgus macaque sequence assigned to subhaplogroup Fas2a3 with 100% support. The remaining sequences from Sarawak were very heterogeneous (see Fig. 5 ) and most were included in two Fas2 clades not closely related to any Philippine samples or any known subhaplotype of the Fas2 clade, but with relatively low (77%) bootstrap support. All 30 Cambodian sequences, represented by three haplotypes labeled VietC (because they were originally believed to have originated in Vietnam) in Figure 4 , belonged to the Fas1 major clade, represented among the five populations only in Sumatra, and comprise 26 haplotypes, three of which are shown in Figure 4 . However, all 30 Cambodian sequences belonged to the Fas1a subclade while all Fas1 sequences from Sumatra belong to the Fas1c subclade.
Levels of nucleotide diversity within each population and between all pairs of populations are shown in Table 3 . The Sumatran population exhibited at least twice the level of nucleotide diversity (h p 5 0.049) than any other population. Sarawak and Corregidor had intermediate levels of nucleotide diversity (h p 5 0.022 and h p 5 0.023, respectively), Zamboanga had relatively low levels of diversity (h p 5 0.013), but the level of mtDNA diversity in the Batangas population was much lower (h p 5 0.0005) than that in any other population. The value of h S was identical to that of h p in Batangas, slightly higher than h p in Zamboanga and lower than h p in Corregidor. The values of Tajima's D for Batangas, Zamboanga, and Corregidor were 0.00, 20.52, and 0.62, respectively, (P > 0.70 in all three populations), indicating D is not statistically significantly different from a value of 0 and suggesting a lack of population expansion in all three populations. The Sumatran population least resembled all other populations, with an average between-population h p value of 0.065, while Batangas and Zamboanga were equally distant from all other populations (h p 5 0.041). The population from Sarawak most closely (h p 5 0.0550), and that from Batangas (h p 5 0.0737) least closely, resembled the Sumatran population. The population from Sarawak most closely resembled that from Zamboanga (h p 5 0.030) but only slightly less than it resembled that from Batangas (h p 5 0.033) and Corregidor (h p 5 0.034). The closest resemblance was that between Batangas and Corregidor (h p 5 0.018), the two most geographically proximate of the populations.
The MJ network with M. sylvannus as its root (sample number 1) is provided in Figure 5 . Three Sumatran sequences (samples 40, 46, and 47) that cluster with haplogroup Fas2d (reference sample 19) are closest to the root (M. sylvannus), hence older than all other cynomolgus macaque sequences, followed by five sequences from Sarawak (samples 20, 22, 25, 26, and 31) that are collectively ancestral to all Philippine sequences. A haplotype of haplogroup Fas2c (reference sample 18) and a Fig. 4 . Maximum Likelihood tree for a 697 bp fragment of mtDNA of five regional populations of cynomolgus macaques based on the Tamura-Nei model with 500 replicates. Branches corresponding to partitions reproduced in fewer than 50% bootstrap replicates were collapsed. Bootstrap values are provided for each branch. Sequences with "Fas" prefixes are reference sequences representing previously identified mtDNA haplogroups in cynomolgus macaques . Each such reference is followed by the identification number of the sample representative of that haplogoup whose prefix identifies the country of origin of that sample. Sequences with prefixes "Cor," "Luz," "Zam," "Sar," "Sum," "Phi," "Viet," "Mcy," "Maur," and "Imcy" are sequences of samples from Corregidor, Luzon (Batangas), Zamboanga, Sarawak, Sumatra, Philippines (Mindanao), Vietnam, Malaysia, Mauritius, and Indonesia, respectively. The tree is rooted with a sequence from M. sylvanus.
Sumatran sequence (sample 37) are immediately ancestral to all Fas1 sequences (reference samples 2-8) suggesting that the latter major mtDNA clade of sequences is derived from Fas2c, a relatively rare subclade that we have not found outside Indonesia . Both haplotypes from Batangas clustered closely with 10 of the 13 haplotypes from Corregidor, one of which (sample 50*) is shared with Batangas, are members of and fell 9-10 mutational steps from haplotype 10. The value of q was calculated as the average number of mutational steps from each of the 11 haplotypes in the cluster containing the two Batangas haplotypes and each of the 11 haplotypes containing all but two of the Zamboanga haplotypes to their nearest ancestral sequence from Sarawak, sequence 28 for the haplotypes in the Batangas cluster and sequences 20 (for samples 52 and 53) and 22 (for the remaining samples) for the haplotypes in the two Zamboanga clusters. The resulting values of q for Batangas and Zamboanga were q 5 0.011 and q 5 0.006, respectively, suggesting that haplotypes from Batangas have been diverging longer than those from Zamboanga. The values of q for the sequences from Sumatra, Cambodia and Sarawak were q 5 0.0303, q 5 0.0233, and q 5 0.0125, all estimated as the average number of mutational steps from each haplotype to the basal haplotype in their individual MJ networks, suggesting that cynomolgus macaques reached mainland SE Asia before they traversed what is now Borneo.
DISCUSSION
Haplotypes from Sumatra were closest to the root of the MJ network in Figure 5 , and all Fasl haplotypes are derivative of Fas2 haplotypes, suggesting that mainland haplotypes, all of which belong to the Fas1 clade, are younger than, and derived from, haplotypes that originated in insular Southeast Asia, the apparent homeland of cynomolgus macaques. In Figure 5 the Fas1a subclades of Indochina are most directly derived from subclade Fas2c, a relatively rare haplotype reported only from Indonesia. The highest level of within-population diversity in both mtDNA (h p ) and STRs (N a ) in Sumatra, its greatest mtDNA differentiation from all other populations (Rh p /4 in Table 3 ) and highest value of q, which is linear in time, are also consistent with an Indonesian homeland for cynomolgus macaques.
The predominant restriction of pale and intermediate pelage color of cynomolgus macaques to Mindanao suggests the dispersal of, followed by admixture between, the ancestors of two separate founder populations of cynomolgus macaques, one in the north, who arrive earlier and dispersed southward, and another in the south, who arrived later and dispersed northward. On the basis of Fooden's (1991) subspecies distinction between cynomolgus macaques in the north and south of the Philippines, the distribution of pelage color throughout the Philippines and the hypothesis that the colonization of Luzon by cynomolgus macaques predates that of western Mindanao, we predicted that cynomolgus macaques from Batangas, on Luzon, would exhibit greater genetic differentiation from Malaysian and Indonesian cynomolgus macaques than those from Zamboanga, in western Mindanao, which was in fact the case. We also predicted that the haplotypes of both Batangas and Zamboanga would more closely resemble haplotypes of Sarawak than those of each other (between population h p in Table 3 ), which they did. Because rafting and/or storm dispersal would have been required of cynomolgus macaques to reach the Philippines, which are not a part of the Sunda Shelf and were never connected to it by land, via either route, we predicted that levels of genetic diversity would be low in both Philippine populations, which they were, as we previously reported for cynomolgus macaques from unknown localities in Mindanao Kanthaswamy et al., 2013) . Because the cynomolgus macaques from Batangas were wild caught from multiple troops, circumstances of captivity cannot be responsible for their very low level of genetic diversity. The somewhat greater influence of founder effect on mtDNA than on the number of STR alleles in Batangas might have resulted from the greater sieving effect of mtDNA due to its lower (by three-quarters) effective population size than that of nuclear loci. We also predicted that haplotypes of cynomolgus macaques from Batangas would be both older (furthest from the root of the haplotype network) and more diverse (higher value of h p ) than those of cynomolgus macaques from Zamboanga, which they were.
The PCA analysis that revealed an apparent cline from Sumatra to mainland southeast Asia and Mindanao to a terminus in Luzon is not inconsistent with the hypothesis that all Philippine cynomolgus macaques derive from a single expansion from Sabah via the Sulu Archipelago and dispersed northward to Luzon where they became isolated and phenotypically distinct. However, the Batangas haplotypes derive from a Sarawak, not Zamboangan, haplotype that is very different from that Sarawak haplotype from which the Zamboangan haplotypes derive, and the haplotypes from Batangas are older than, not younger than, those from Zamboanga. A single entry and southward dispersal of cynomolgus macaques from Luzon should have revealed a Zamboangan, not Batangan, terminus of the cline.
The exceptionally low genetic diversity in Batangas was unexpected but might result from its geographic location at the very populous southwestern-most extreme of the Island of Luzon not far from Manila. The extirpation of cynomolgus macaques associated with rapid human population growth, habitat destruction and industrialization may have caused a genetic bottleneck from which the population on Corregidor was spared. Accordingly, haplotypes 61-65 and 67-70 from Corregidor, that closely clustered with the two haplotypes from Batangas but far removed from all Zamboangan haplotypes, might be, or alternatively might once have been, widespread throughout most of Luzon. The most common haplotype on Batangas, that most likely to survive a genetic bottleneck, was also the most common lineage on Corregidor and only one mutational step from the basal haplotype of one of two well-defined but genetically distant clusters of haplotypes on Corregidor in the MJ haplotype network. While the origin of cynomolgus macaques on Corregidor is problematical and not germane to comparisons between haplotypes of Luzon and Mindanao, the presence there of two very different clusters of haplotypes derived from Sarawak, haplogroups Fas2a4 (Batangas) and Fas2a1/Fas2a2 (Zamboanga) that are otherwise exclusively found in, but not shared between, Batangas and Zamboanga, provides support for the hypothesis that cynomolgus macaques on Corregidor include animals derived from both the earlier and the later expansion of cynomolgus macaques to the Philippines. All haplotypes identified in the Corregidor population clustered closely with those of either Batangas or Zamboanga, which themselves were very divergent, and only two Philippine haplotypes (two from Zamboanga) were not closely related to either of these two clusters. Thus, the inclusion of the Corregidor haplotypes in the present analysis provides a more comprehensive estimate of genetic diversity derived from the two different founder populations of cynomolgus macaques in the Philippines, especially the earlier of the two to arrive. We regard haplotypes 61-65 and 67-70 to be indigenous to Corregidor and haplotypes 10, 66, and 71 to represent cynomolgus macaques bred in Mindanao then recently abandoned on Corregidor. Alternatively, the founding population of cynomolgus macaques in western Mindanao might have been much larger and/or their rate of gene flow with Malaysia much higher than for the founders of Luzon. Studies of other cynomolgus macaque populations more distant from dense population centers on Luzon and in the islands intervening between Luzon and Mindanao are needed to select between these two alternative hypotheses and further evaluate the hypothesis of dual origins of Philippine cynomolgus macaques at different times.
Based on the entire 835 bp mtDNA fragment, 697 bp of which were included in the present analysis, Smith et al. (2007) estimated the nucleotide divergence between Indian and Chinese rhesus macaques, the two most divergent regional populations of rhesus macaques which many regard as different subspecies, to be h p 5 0.076, a value very close to that (h p 5 0.074) differentiating cynomolgus macaques from Sumatra and Batangas. Smith et al. (2006) estimated F ST between Indian and Chinese rhesus macaques based on 24 STR loci that extensively overlap those employed in the present analysis to be F ST 5 0.083. In contrast, most cynomolgus populations were far more distant from each other than the two subspecies of rhesus macaques, with F ST 5 0.33 for Batangas and Sumatra. Batangas was approximately twice as genetically distant from all populations assigned to subspecies M. f. fascicularis, including Zamboanga, than any of the latter populations were to each other based on STR loci, and Zamboanga was equally distant from any population other than Batangas. When Mauritius and Corregidor are regarded as anomalous cases due to loss of diversity through founders effect and gain of diversity due to inter-subspecies admixture, respectively, and not considered, the F ST estimates for divergence of Batangas from other M. f. fascicularis populations and divergence between pairs of M. f. fascicularis populations are F ST 5 0.32 and F ST 5 0.11, respectively. However, Batangas may appear anomalous, as does Mauritius from Sumatra, due to its drastic loss of alleles through a founder effect and/or subsequent genetic bottleneck, which in the comparison based on mtDNA was mitigated by the inclusion of haplotypes from Corregidor absent in, but clearly derive from, those in Batangas. Moreover, our PCA exhibited a clear clinal distribution from the homeland of cynomolgus macaques in Indonesia to Luzon and our STRUCTURE analyses and pairwise F ST statistics revealed Sumatra, the homeland of the species, as the most distant from all other populations, results similar to those for population structure of rhesus macaques (Hasan et al., 2014) . While, as with Chinese and Indian rhesus macaques, both regional variants of Philippine cynomolgus macaques are employed as subjects in biomedical research and care should be taken to determine and report which variant is used in any given study and to avoid admixture of the two variants in captive breeding facilities, a distinctive subspecific assignment of the Batangas cynomolgus macaques seems unjustified.
